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Abstract 
Capturing CO2 from power plant flue gas through hydrate formation is starting to be applied on an industrial scale. 
Several methods have been developed and a large number of experiments have been conducted in order to 
investigate ways of increasing their efficiency. However, most of them suffer from a lack of detailed kinetic 
studies. In this paper we present a highly accurate method to investigate the kinetics of flue gas hydrate formation. 
Preliminary results are detailed at three different temperatures. It has been found that more than 40% of CO2 
capture in the form of hydrates occurs after reaching the final pressure. Therefore, statistically constant pressure 
cannot be used as a sign of thermodynamic equilibrium. The results obtained from this study are important for 
optimizing CO2 separation operations thus maximizing efficiency and reducing economic barriers. In addition, 
they are also useful in studying the kinetics of hydrate formation in other gas mixture systems. 
Keywords: Carbon dioxide capture and storage; gas hydrate; flue gas; carbon dioxide replacement; gas 
separation; kinetics. 
 
Introduction 
Gas hydrates are solid, non-stoichiometric inclusion compounds consisting of an open lattice of water 
molecules that encage small size guest gas molecules such as nitrogen (N2) and carbon dioxide (CO2), 
etc. without chemical bonding1. Between all potential guest molecules, CO2 emanating from power 
plants2 is responsible for the majority of the increasing greenhouse effect3. Accordingly, developing 
efficient methods for CO2 capture is crucial in order to deal with this major environmental challenge4. 
To date, various methods that have different efficiencies at selected conditions have been developed5. 
In this regard, gas hydrate formation has been proposed as an alternative approach to separate CO2 from 
power plant flue gas which mainly consists of N2 and CO26. Furthermore, direct injection of CO2-N2 
mixtures7,8 and coal-fired flue gas9 into methane hydrate reservoirs was proposed as a promising method 
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for capture and geological storage of CO2. These gas hydrate-based CO2 capture methods are 
environmentally cleaner and more cost effective compared to the conventional amine-based absorbance 
techniques10,11. Fulfilment of these methods requires the flue gas hydrate formation kinetics to be 
completely understood, reduction in the CO2/N2 ratio of the gas phase with time is the main indicator 
of efficiency and may even be the key factor in acceptance of these methods for use on an industrial 
scale. Only a limited number of investigations on this subject have been reported and the kinetics of 
flue gas or N2-CO2 hydrate formation hasn’t been completely clarified. Different material and methods 
have been suggested to enhance the rate of gas hydrate formation12 and the kinetics of CO2 separation 
mechanism and process through hydrate formation have been investigated for systems containing CH4, 
CO2, N2, and oxygen (O2) 11,13, but little is discussed about when and how the system reaches 
equilibrium. Usually thermodynamic equilibrium of the gas mixture is considered to be when pressure 
is constant14. In this letter, experimental results are reported to show that complex hydrate formation, 
decomposition, and molecular exchange were still occurring in the water-CO2-N2 gas mixture systems 
when the system pressure was constant. 
Materials and Methods 
The kinetics of flue gas hydrate formation was studied at 3 constant temperatures using a 316 
stainless steel cylindrical autoclave (maximum working pressure of 20.7 MPa, and volume of 
180.1 mL), a schematic diagram of which is shown in Fig. 1. The autoclave was connected to a 
gas chromatograph (GC) (Varian 3600, Agilent Technologies) through an online magnetic 
capillary sampler system (RolsiTM) with zero dead volume.  The moveable sampler was 
connected to the top cap and GC through a capillary tube (0.1 mm internal diameter), and heated 
line (T = 323.25 K), respectively. The temperature was maintained by a cryostat (Grant LTC) 
which pumps cooling fluid into the integral cooling jacket surrounding the cell. The system 
pressure and temperature were continuously monitored using a Quartzdyne pressure transducer 
(accuracy +/-0.0005 MPa) and a Platinum Resistant Thermometer (PRT) coated in stainless steel 
(uncertainty of 0.1 K), respectively, through a data acquisition device and a LabView software 
interface at regular time intervals. To help increase the surface contact of components, a high-
pressure stirrer (Top Industrie SA, France, model 6180300B) was fixed at bottom of the cell. 
Visual high pressure windows were located at each side of the autoclave to visually observe 
hydrate formation and discriminate it from dissolution.  
40% of the autoclave was filled with deionized water generated by an integral water purification 
system (ELGA DV 25), following which the system was vacuumed. For simplicity, a gas 
mixture of 85.4% N2 and 14.6% CO2 (purity of 99.995 vol% from BOC Limited)  was used to 
simulate coal-fired flue gas9,15. After setting the system temperature to 294.15 K and starting 
stirrer, the simulated flue gas was injected continuously to reach 20.68 MPa. To control the 
hydrate formation the stirrer was switched off until the system reached the target temperature. 
After reaching the target temperature, mixing was started and flue gas hydrates were formed at 
a constant temperature. Throughout the process the gas composition was analysed using GC. 
Fig. 2 presents the predicted16 hydrate stability zones (HSZs) of the tested gas-water systems 
together with the experimental temperature and pressure conditions. As can be seen experiments 
were conducted at 3 different temperatures, and consequently 3 different pressures (Gas law). 
As shown, the experiment at 273.35 K started at a pressure inside the N2 HSZ, but the other two 
experiments were outside the N2 HSZ zone. Accordingly, thermodynamically for all 
experiments, there was the possibility of N2-CO2 mixed hydrates and CO2 hydrate formation. 
However, N2 hydrate formation may occur only in the first experiment. Regarding CO2-N2 
mixed hydrates, according to thermodynamic stabilization, N2 will fill the small cavities and 
CO2 will enter the large cavities17. 
Results and Discussion 
Fig. 3a shows the CO2 in mole% in the gas phase throughout the experimental process at the set 
temperatures. As can be seen from Fig. 3a, initially the molar fraction of CO2 in the gas phase 
reduced from 14.6% to 12.4% at 294.15 K which is mainly due to the higher solubility of CO2 
in water compared to that of N2, moving more CO2 into the polar phase (Fig. 4a). After cooling 
the system to the target temperature, the CO2 percentage in the gas phase slightly reduced owing 
to further increases in CO2 solubility with temperature reduction compared to that of N2. For the 
same reason, the CO2 fraction in the gas phase was slightly smaller in the experiments at lower 
temperatures. It should be noted that, in the investigated system there is a possibility for 
formation of different kind of ions which are illustrated in Fig. 4d18.  
After hydrate formation started, there was an initial increase in the fraction of CO2 in the gas 
phase for all experiments, which is magnified in Fig. 3b. These increments infer that the CO2/N2 
ratio in water phase was relatively higher than that in the hydrate phase at the pressures in Fig. 
3b. The difference became clearer at lower temperatures. This could be plausibly justified by 
the fact that according to Fig. 2 showing that the first experiment was initiated at a pressure 
inside the N2 HSZ and the second experiment was closer to N2 HSZ than the third experiment, 
occupancy ratio of large to small cages in the formed hydrates was smallest for the first 
experiment and is smaller for the second experiment compared to the third one, which in turn 
leads to entering relatively more N2 into hydrate phase at lower temperature given that the initial 
system pressure was similar. With regard to the aforementioned initial increment in the 
percentage of the CO2 in the gas phase, the first hydrate crystals formed could affect the 
solubility of CO2 in the water19, as the solubility of a gas in a solvent could be significantly 
different in the presence of other solutes in the solution. After this phase, while the system 
pressure continuously decreased due to hydrate formation, the CO2 percentage in the gas phase 
stayed almost stable with small fluctuations, i.e., no more CO2 appeared to go into the hydrate 
lattice compared to N2. This means that in this phase the ratio of CO2/N2 in the forming hydrate 
phase was equal to the ratio in the hydrate former gas phase and water phases, demonstrating a 
dynamical molecule exchanging process between these phases. At pressure near to the final 
equilibrium pressures the molar fraction of the CO2 in the gas phase reduced sharply. The 
possible reason for these changes with only small pressure changes could be attributed the fact 
that the initially formed hydrates with relatively low CO2 content dissociated and new CO2-N2 
hydrates formed entrapping more CO2. In addition, the final slight increase in the CO2 
percentage seen in all experiments could indicate that there is an optimum pressure at each 
specific temperature at which more CO2 can be captured in hydrate (by keeping the pressure 
constant through gas injection) than at the final pressure where dissociation of the CO2-N2 mixed 
hydrate led to an increase in the CO2 percentage. It is worth noting that further investigation is 
been in progress investigating the reasons for these final reductions and increments of the CO2 
content in the gas phase.  
A physical model of different stages of experiments is illustrated in Fig. 4 to describe the kinetic 
process of CO2 capture in flue gas hydrate formation.  After reaching the final pressure (Fig. 
4b), as can be seen from Fig. 3c, the system had not reached equilibrium and the CO2 fraction 
in the gas phase was changing with time, while the pressure was almost constant (Fig. 4c). It 
should be noted that there were still very small fluctuations in the pressure (less than 0.14 MPa), 
but these very small fluctuations were commonly seen in other hydrate tests and can be 
considered as negligible14. The reduction of the CO2 percentage in the gas phase suggests that 
at a constant pressure, the amount of CO2 entering into hydrate should be as same as the amount 
of N2 escaping from the previously formed N2-rich hydrates. Three different mechanisms could 
be suggested for this behaviour, as shown in a schematic illustration in Fig. 4e-g.  Initially, some 
of the first formed hydrates with relatively more N2 in the hydrate phase were dissociated and 
new hydrates with relatively less N2 were formed (Fig. 4e).  As a side note, there could be empty 
cages (Fig. 4b-c) in the hydrate phase corresponding to the occupancy number, so the 
aforementioned secondary hydrate formation could occur by filling these cages with CO2 
molecules. Secondly, some of the hydrate cages containing N2 were partially broken, CO2-N2 
exchange occurred and residual rings formed new cages (Fig. 4f). A similar behaviour for 
CO2/CH4 replacement was reported in the literature20. Third, CO2-N2 replacement in the hydrate 
phase occurred without dissociation of initial hydrates (Fig. 4g). There is also a similar 
observation for the behaviour of CO2-CH4 replacement after injecting CO2-N2 gas into methane 
hydrate system8.  
The first mechanism is thermodynamically more preferable, as CO2 tends to enter large cavities, 
whereas N2 goes for small cavities17. However, the possibility of secondary and tertiary 
mechanisms still exist as CO2 could go to small cavities in some circumstances21. What’s more, 
two small concavities can be seen in Fig. 3c graphs for Experiments 1 and 2, which could be 
explained with the same reason as for the final increase in Fig. 3a. Regarding Experiment 3, 
lack of increment in Fig. 3c could be explained because the system was further outside the N2 
HSZ, reducing the difference in the composition of the formed hydrates at initial and final 
pressures. It’s also confirmed that, under elevated subcooling there is possibility of hydrate 
formation with metastable occupancies, if the concentration of small guest molecules (such as 
N2) in the hydrate phase and overall solution is comparable22. This could be another explanation 
for abovementioned behaviour. It should be noted that further investigation is required to deeply 
understand this phenomena. The HSZs at the experimental temperatures are plotted as a function 
of pressure against CO2 percentage in Fig. 3a. The CO2 concentration at the end of each 
experiment approached to the corresponding HSZ curve. The final CO2 concentration is 7.1% 
in Experiment 1 at 273.4 K 8.2% in Experiment 2 at 275.4 K, and 8. 6% in Experiment 3 at 
277.1 K, suggesting lower temperatures favour more CO2 than N2 compared to higher 
temperature. Furthermore, it is clear from Fig. 3c that more than 40% of the CO2 capture through 
hydrate formation occurs at final pressures and it takes longer for tests at lower temperatures to 
reach equilibrium compared to those at higher ones. This indicates that although CO2 capture at 
higher temperatures is less efficient in terms of captured CO2 percentage, it could have the 
advantages of faster capture at certain conditions (Fig. S2 in supporting information). 
Accordingly, temperature of the capture environment, temperature of the supplied water, energy 
loss for maintaining and keeping the temperature, and energy loss for the reactor’s electrical 
part should be considered and the most economic temperature and the most economic residency 
time for reaction should be chosen. 
Taking all of the results from this initial work into account, it is clear that, for systems containing 
gas mixtures, reaching constant pressure can’t be considered independently as a sign of 
thermodynamic equilibrium and further changes in the composition of different phases can 
occur at the final pressure. This study substantiates the crucial role of the hydrate formation 
kinetics to achieve a high efficiency of CO2 separation and storage. In addition, the observed 
compositional changes in both gas phase and hydrate phase for flue gas-water systems could 
occur in other gas mixture systems, typically water-natural gas systems, which should be closely 
examined if the kinetics of hydrate formation is important. Although the presented work 
revealed some kinetic properties of flue gas hydrate formation, it is clear that more fundamental 
experiments are required for a better understanding of the observed phenomenon. These 
experiments could be coupled with different spectroscopy techniques such as NMR to be able 
to measure the composition of the hydrate phase during hydrate formation/dissociation. 
Moreover, effect of gas to water ratio, pressure, temperature, and different compositions on both 
hydrate formation and dissociation also needs to be investigated following this work.    
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 Fig.  1 Schematic of the high-pressure autoclave setup 
 
 
Fig.  2 The predicted hydrate stability zones of N2, CO2, various N2-CO2 combinations, and the 
experimental conisations 
 
 
 
 
 
 
 Fig.  3 (a) Variation in the CO2 mole fraction in the gas phase versus pressure during experiments; (b) 
magnification of the selected part of the Fig. 3a; (c) Variation in the CO2 mole fraction in the gas phase 
versus time after reaching equilibrium pressure ( More detailed results can be found in Supporting 
Information). 
 
 
 
Fig.  4 Schematic illustration of the described flue gas hydrate formation experiments: (a) Dissolution 
of CO2 and N2 in water after injecting high pressure gas; (b) Formation of CO2-N2 hydrates after 
reaching to the target temperature; (c) Changing hydrate/gas phase composition after reaching final 
pressure; (d) Formation of different kinds of ions during experiment; (e)-(g) proposed mechanisms to 
explain the change in the hydrate/gas composition. 
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Synopsis  
The compositions of both gas and hydrate phases may continuously evolve at stable pressures, understanding of 
which is essential for a sustainable development of hydrate-based CO2 capture methods.   
 
